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ABSTRACT

Single-camera, single-view videogrammetry has been
used to determine static aeroelastic delormation of a

slotted flap configuration on a semispan model at the
National Transonic Facility (NTF). Deformation was

determined by comparing wind-off to wind-on spatial
data tYom targets placed on the main element, shroud,

and flap of the model. Digitized video images from a
camera were recorded and processed to automatically

determine target image plane locations that were then
corrected for sensor, lens, and frame grabber spatial

errors. The videogrammetric technique has been
established at NASA facilities as the technique of

choice when high-volume static aeroelastic data with

minimum impact on data taking is required. The

primary measurement at the NTF with this technique in
the past has been the measurement of static aeroelastic
wing twist on full span models. The first results using

the videogrammteric technique Ior the measurement of
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component detbrmation during semispan testing at the

NTF are presented.

INTRODUCTION

On modern military air vehicles, high-lift systems are

used to improve take-off and landing performance. For
naval air vehicles, an improvement in the lift coefficient
in a landing or approach configuration allows for

arrested landings at reduced speeds and/or increased

payloads. In addition, reduced landing speeds have
been shown to improve safety and reduce stress on the
airframe. For conventional take-off or landing (CTOL),

improved lift-to-drag ratios allow for shorter take-off
runs and/or greater payload capacity. For these reasons,

it is imperative to quantify and improve the
performance of high-lilt systems including trailing edge

flap (TEF). gap, and shroud geometry.

An effort has been initiated to develop procedures using

the videogrammetric model deformation (VMD)
measurement technique to measure TEF gap and flap

and shroud geometry changes induced by aerodynamic
loading. VMD measurement technique development
with multiple cameras was initiated in the 1980s I, based
on earlier successful wind tunnel tests conducted in the

1970s using film cameras 2. The introduction of image

processing routines coupled with the development of a

simplified single-camera, single-view photogrammetric
technique permitted automated data acquisition and
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reduction.Thesedevelopmentsfacilitatednearroutine
usein productionwindtunnels3. Thetarget-tracking
versionof VMDdevelopedunderNASAcontractand
usedtbrthistestisdiscussedin reference4. A review

of the VMD measuremcnt technique can be tound in
reference 5.

Component delbrmation measurements are especially
troublesome due to difficulty in imaging the area of

interest, limited target placement options, and the need

to measure small deformation levels that are very
sensitive to small errors in pitch angle (dependent on
the radius from the center of rotation of the model).

Although a few preliminary tests have been conducted
during which flap angle changes with llow were

measured at other non-cryogenic facilities 6, this paper

will address the first application of the technique for the
combined measurement of trailing edge flap and shroud

gcometry changes under aerodynamic loading at the
NTF. In addition, this was the first application of the

technique at the NTF with a semispan model and the
first optical measurements of component deformation at

thc facility. Deformation measurenlents, including the
detbrmation of control surfaces and associated

components, are of particular importance in high
Reynolds number facilities such as the NTF since high

dynamic pressures (Q), with accompanying

detbrmation, are typically associated with high
Reynolds number testing. For CFD evaluation, it is

important to quantify the gap and overhang differences

from the static condition due to shroud and/or trailing
edge flap deflections under load.

The intent of this paper is not to present extensive data

on gap and flap deformation, so only representative
data will bc presented. Rather, this paper relates

experiences using videogrammetry in a large
production wind tunnel for such measurements in order

to aid potential users of the technique at the NTF and

other facilities. Issues related to targeting such as

location, application, contrast, surface quality and target
thickness will be addressed. Camera installation will be

described along with initial camera calibration to
establish camera calibration coefficients and camera

location in the test section coordinate system. A major

concern for high-productivity facilities is that
calibration time be kept to a minimum so as not to

negatively impact productivity. Techniques employed
to significantly reduce tunnel downtime tor calibration
will be described. The data acquisition procedure and

interaction with the tacility data acquisition system will

be described. The advantages and disadvantages of a
commercial prototype target-tracking inmge acquisition

system will be discussed. The data reduction procedure
to determine gap and flap deformation due to
aerodynamic loading will also bc described. The

relation of centroid repeatability to the precision of the

measurements will be addressed along with estimates of
uncertainty.

Shroud

°"

Fig. 1. Sketch illustrating shroud, trailing-edge-flap
(TEF), gap, and overhang (OH).

Stand off with labyrinth seal

TE

Fig. 2 - Sketch of Diamond Wing High Lift Model
(top view)

TECHNIQUE

The VMD measurement technique consists of a single-

camera, single-view, photogrammetric solution from

digital images of targets placed on the wing at known

semispan locations. Since only one camera is required,

lighting requirements are reduced, which is especially
advantageous when using existing test section

illumination. The technique is non-intrusive except for
the targets, which may have some minor effects on the

aerodynamic data.. The basic hardware consists of a

standard video-rate CCD video camera, a frame grabber
board, and a computer with image acquisition and

reduction software. A light source is usually located as

close to the camera as possible to take advantage of
retroreflective targets at all facilities where the

technique is used except for the NTF. At the NTF,

whcre stringent model surface finish requirements

preclude the use of retroretlectivc targets, test section

lights are used for diffuse illumination of polished paint
targets. For measurements at the NTF. the camera is

positioned to the side and somewhat above the model,

resulting in an oblique view of the model. A target row

2
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is typicallyplacedonor nearthefuselageto serveas
controlin additionto targetrowsat knownsemispan
locationsalongthewing.Imageprocessingisusedto
automaticallylocateand computecorrectedimage
planecoordinatesforeachof thetargets.Single-view
photogrammetryis thenusedto determinethe X
(streamwise) and Z (vertical) coordinates in object

space, given the known Y (crossflow) coordinatcs.
Vertical displacements at specified chordwise locations

and slope angles are computed by linear least squares
for each semispan station along the wing 5.

Fig. 3 - Model and targets viewed from camera.

FACILITY

The National Transonic Facility (NTF) is a fan-driven.
closed circuit, continuous-flow pressurized wind

tunnel 7. The 8.2 x 8.2 x 25-fl long test-section has a

slotted-wall configuration. The wind tunnel can operate

in an elevated temperature mode up to T = 140 ° F,

normally using air, and in a cryogenic mode, using
liquid nitrogen as a coolant, to obtain a test temperature

range down to about -250" F. (However, notc that lot
the test described here the NTF was operated in air

mode only at 95 ° F.) Thermal insulation inside the
pressure shell minimizes energy consumption. The

design total pressure range for the NTF is from 15 psia
to 130 psia. The combination of pressure and cold test

gas can provide a maximum Reynolds number of

120,000,000 at Mach 1.0, based on a chord length of
9.75 inches. These characteristics aftbrd full-scale

Reynolds number testing for a wide range of aircraft.

Three types of investigations are possible: Reynolds
number effects at constant Mach number and dynamic

pressure: model aeroelastic effects at constant Reynolds
number and Math number; and Mach number effects at

constant dynamic pressure and Reynolds number.

The constraints imposed by operation in a high-pressure
environment over such a wide range of temperatures

have had a significant impact on the continuing

development, improvement, and optimization of
instrumentation at the facility. A major instrumentation

challenge at the National Transonic Facility is the

requirement to make measurements over the wide range

of temperature from 140 ° F down to -250 ° F.
Aeroelastic deformation measurements have been made

at the NTF for both High Speed Research (HSR) and
Advanced Subsonic Technology (AST) lull span
models. In all cases before the test described here, the

emphasis of the aeroelastic measurements at the NTF
was tbr the determination of the change in main
element wing twist due to aerodynamic loading 5. The

results presented here represent the first attempt at the
NTF to make aeroelastic measurements on a semispan

model and the first attempt to measure the aeroelastics

of components in addition to the main wing element.

WIND TUNNEL TEST

The first evaluation test for trailing edge flap and

shroud geometry measurements at the NTF was
conducted on a large representative military semispan
steel wing during an air mode test at constant Mach

number and varying dynamic pressures. Figure 1
illustrates the definition of gap as the distance from the

trailing edge of the shroud to a tangent point on the
trailing edge flap. Overhang is defined as the distance

parallel to the model chordline from the trailing cdge of
the shroud to the leading edge of the TEF. Figure 2

depicts the entire semispan model with leading-edge-
flap (LEF), shroud. TEF, and standoff with labyrinth
seal. The labyrinth seal and standoff plate were used to

mitigate the effect of the wind tunnel boundary layer on
the aerodynamic perlormancc. Uniformly distributed

static loads applied pre-test to the wing and shroud
indicated relatively stiff wing components with little

expected deformation. The air mode test served as an
effective means to investigate implementation issues
associated with the aeroelastic measurement technique

and to evaluate the resolution of the measurement

technique, while avoiding the complications that

cryogenic operations introduce for optical
instrumentation. The scmispan wing was tested under

the auspiccs of The Technical Co-operation Program
(TTCP), a multi-national test program that includes

3
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NASA,DERA(UK),andUSNavy.Forthistestthe
angle-of-attackrangewas-5 to24degrees,theMach
numberfixedat0.2fortheVMDruns,andthedynamic
pressurerangewas60to 350psf. Parametricstudies
wereconductedongapandoverhangto determinethe
optimumsettingsforaconfigurationwithspecificangle
settingsfortheshroudandtrailing-edge-flap.

Fig. 4 - View from data camera with 3-stepped plate
positioned for determining camera calibration
parameters.

In addition to studying the basic flow physics of
military high-lilt configurations, the test was also
conducted lor CFD validation. Results from the test
will be used as a bench-mark for futurc CFD studies to

predict high lift system performance and, ultimately,
high lilt system design. As such, it is critical to gage
the extent of detlection of the high lift system under

load. The components of the high lilt system (trailing
edge flap and shroud) act as cantilever beams, which

under aerodynamic loading may deflect. Since the gap
between the trailing edge flap and the shroud was

crucial to the parametric study during the test and is a
main parameter for CFD studies, knowledge of the
deformation is crucial.

Fig. 5 - View from data camera with 3-stepped plate
positioned for determining camera orientation in

test section coordinate system.

PRE-TEST LOADING OF COMPONENTS

To estimate the potential deflection due to aerodynamic
loading prior to testing, static loading tests were

conducted. The shroud was uniformly loaded using
weighted bags while the trailing edge flap was loaded
using point loads attached to the flap ends near the IA

chord. With the shroud set to a deflection angle of 23 °

and the trailing edge flap set to 35 ° (23/35
configuration) a load of 420 pounds applied to the

trailing cdgc flap was Ibund to decrease gap a
maximum of 0.008 inches measured at the bracket

location. The shroud, loaded to 20 pounds was found to

increase gap 0.0045 inches. Therefore a pre-test
estimate of the maximum change in gap was established
to be on the order of 0.0035 inches. In the worse case

with zero shims corresponding to a gap of 0.196 inches

(or 0.5% of the undeflectcd wing chord located at the
mid-span of the flap), the estimated deflection would be

1.8% of the unloaded gap. The gap and overhang were
adjusted using shim plates and serrated teeth.
respectively. The gap was variable from 0.5 to 2.5%c
and overhang was variable from -1.0 to 5.0%c in
increments of 0.5%c.

4
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Fig. 6 - Vector displacements from wind-off to wind-
on for a high-Q run without compensation. Target
numbers are indicated.

OPTICAL TARGET LAYOUT & APPLICATION

The special illumination technique developed for full-

span models at the NTF involves the imaging of a black
test-section wall as seen in reflection from the mirror-

like wing surface 5. In such cases good contrast targets

are possible with an application of white dots only on
the wing and fuselage. A similar illumination
technique has not yet been perfected for semi-span

testing. Thus to ensure reasonable contrast targets,
white dots on a black background were used for this

first semi-span test. The targets consisted of polished

paint white dots with a 0.5-inch diameter on a black
background several diameters wide. The locations of
the targets were chosen to minimize interference with

pressure taps and generally located away from taps or
centered between pressure tap rows. The targets were

positioned with aid of precision metal-foil templates
that facilitated the target application to model parts that
would be used later in the test, especially in one case in

which half of two targets would be replaced during a
configuration change. The precision metal templates
also facilitated the determination of the semi-span (Y-

coordinate) of each target for entry into setup files. All

layout, painting, and polishing of the targets was
accomplished in a ready bay preparation site before the
model was moved to the test section. Some model

components were targeted before assembly for use in

later configuration changes. The use of precision
templates to locate the targets was especially useful
since over 90 configuration changes were anticipated
for the test.

3 4
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Fig. 7 - Vector displacements from wind-off to wind-
on for a high-Q run with compensation. Target
numbers are indicated.

The application procedure began with a chemical

cleaning of the model to remove any residual oil or film

that might hamper adhesion of the paint, which is the
standard base-coat used for PSP applications. The

circular targets were then masked at the proper
locations and painted with an air gun. The masking
was removed after an hour or so of drying under IR

illumination in order to decrease paint drying time. The
masks tbr the black background stripes were then

applied and the black paint applied over the white

targets. After drying, the targets and backgrounds were
polished with 2000 grit paper and water to yield a
thickness of 0.(XX)5 inch and a surface roughness of less

than 10 pinch as verified by measurements with

thickness and roughness gauges.

Two targets were located near the wing root where
deformation was expected to be minimum. The wing-

root targets were used as reference for computation of
the delormation due to aerodynamic loading. Two

targets were also placed in a row at a normalized

semispan, q, equal to 0.75 in order to determine the

change in twist of the main wing element. Targets

were placed on the shroud and near the leading and

trailing edges of the trailing edge flap. The painted

targets with black background can be seen in figure 3
on the trailing edge flap and shroud. The root reference

target row can be seen at the top of the figure. This
image is from the camera used to make the model

5
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Fig. 8 - Vector displacements from wind-off to wind-
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indicated.

deformation measurements with targets and coordinate

system labeled.

CAMERA SETUP & LIGHTING

The CCD video camera must be protected from
extremes in the operating environment. Temperature

and humidity operating requirements for the camera are

0 to 40 ° C with a relative humidity of 50 to 70_.
Environmentally protected pressure housings that can

supply heating or cooling are used at the NTF for the
VMD cameras due to the large temperature and

pressure excursions at the facility. Tests at the NTF
have shown that, when possible, it is generally
advantageous to mount the camera with a fixed-mount

rather than with a pan-tilt unit that may be subject to
movement under flow conditions. The interline transfer

CCD (charge-coupled devicel camera used lbr this test
was an instrumentation grade video-rate camera with a

resolution in interlaced mode of 768 pixels horizontal

by 493 pixcls vertical. Thc horizontal and vertical pixel

spacings are II.0 _tm and 13.0 _.tm respectively. The
target-tracking VMD measurement system digitizes the

video image to a resolution of 640 by 480 pixels. A
zoom lens was used at a focal setting selected to

properly capture the targets of interest throughout the
expected pitch range of the test. Standard test-section
lighting, also used lt'or surveillance while testing, was

used to illuminate the targets. The search lbr a
combination of test-section lights to yield suitable

contrast over the entire pitch range was the most time-

consuming activity during setup. ()lien the lighting sett
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-15 I
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-15
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Fig. 9 - Vector displacements from wind-off to wind-

on for a high-Q run (347.5 psf). Target numbers are
indicated.

ings used to obtain reasonable contrast at a given pitch
angle would be unsuitable for other pitch angles. A

compromise in the lighting was finally arrived at that
could work over the entire pitch range while still
allowing sufficient illumination for the test-section

surveillance cameras that are required to be operational
during testing.

DATA ACQUISITION SYSTEM
This was the first test at the NTF in which the target-
tracking system developed by the High Technology
Corporation (HTC) under NASA contract 4 was used as

the primary data acquisition system tor model

deformation measurements. For previous tests at the
NTF, all of which were lull-span models, an in-house

developed automated image acquisition and reduction
system had been used _. The in-house developed system

works well for scenes in which the targets stand out
from the background significantly, such as occurs with
the special illumination and targeting technique

developed for the NTF discussed earlier. In cases

where additional glints or spots on the model might be
interpreted as false targets, the in-house system may
fail. Since the HTC tracking system tracks individually

designated targets (by mouse or by selection of a
previous centroid file) continuously at a 15 HZ rate, any
glints or "false targets" that are more than a few target

diameters away from the true targets will not perturb
the data acquisition. Since this was the first time model
deformation measurements were to be made on a

semispan model at the NTF and the quality of the
images was expected to be significantly degraded from

6
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thatpossiblewith full-spanmodels,theHTCsystem
wasselectedforprimarydataacquisitionforthemodel
delbrmationmeasurements.A numberof potential
falsetargetsandglintscanbeseenin figure3 that
wouldhavebeenverytroublesomefor thein-house
developedsystem.

_0,¢ I

-_0 0 10 20 30

Alpha, deg

Fig. 10 Aerodynamically induced twist, Oz, for three

dynamic pressures, Q (psf).

A major difference between the HTC tracking system
and the in-house developed system is that the HTC

system tracks targets and outputs centroid files upon

trigger while the acquisition program is running, but
does not do any additional reduction except for a

limited quick look capability. On the other hand, the
in-house developed system automatically finds targets,

does centroiding, target sorting, matching of data with

facility point number, all the photogrammetry necessary
to determine change in wing twist as each data point is
taken, and outputs the reduced data to files. Since the
final reduction can not be accomplished until the end of

a set of runs for the HTC system, the data turnaround
time is increased from that experienced lot full-span

models when using the in-house developed deformation
measurement system. Thus the model deformation data

may be transferred to the customer as a separate data
file, instead of being merged with the rest of the data

shortly after a run series as [or full-span testing.
However, the improved robustness of the HTC tracking

system for this semispan model proved worth this
tradeoff.

SYSTEM CALIBRATION

The measurement system calibration is a three-step

process. First the camera is calibrated for lens
distortion. The location and pointing angles of the
camera are then determined in the test scction

coordinate system. Finally angles and X, Z-coordinates
are referenced to a wind-off polar 5 (an alpha sweep over

the same pitch range as for a wind-on polar). Figure 4

shows an image from the data camera during the first

step. During this phase a calibration fixture consisting
of a 3-stepped plate with targets at know locations is

positioned to occupy as much of the field-of-view as
possible. A centroid file is then recorded from which

several camera parameters associated with imaging and
needed for the photogrammetric reduction are
recovered. The new camera parameters are then used in

the subsequent step of the calibration. For the second

calibration step, the 3-step calibration plate is aligned to
the test section coordinate system so that X is in the

flow direction, Z is up , and Y is along the span
direction defined by the right-hand rule (figure 5). It is

the Y-value that serves as the known input to enable

computations of X and Z with a single camera. A row

of pressure taps near the root was used to align the
calibration plate in the strreamwise direction. A

precision bubble level was used to establish parallelism
to the Y-axis, which is assumed to be horizontal. It is

not necessary to level the plate in the pitch direction
(rotation about the Y-axis) since the offset in pitch is

determined by wind-off polars used for final system

calibration. The orientation parameters in the test-
section coordinate system were then input into the setup
file. As a check of the first two steps in calibration and

to ensure that the system and setup files are established

correctly, the difference in the computed X-coordinates

of targets at the inboard row and outboard row were

compared to their known values based on target layout.

The third calibration step begins with a wind-off polar
at, or near, the total temperaturc and pressurc that flow

data will be taken. A third- to fifth-order polynomial

least-squarcs fit is used to establish correction
coefficients based on the onboard accelerometer used to

determine the pitch angle of the model. The correction
coefficients force the angles measured by the VMD
measurement system to agree with the onboard

accelerometer and account for slight zero-shifts and

changes in system response as a function of time or
tunnel conditions. The use of wind-off polars nmy not

be as crucial when conducting tests in air mode such as

tot this test, but is especially critical when in cryogcnic
mode due to the larger temperature excursions that arc

possible, with associated mounting structure movement.
For this test the wind-off polars were also used to
establish the motion in the X-Z plane under wind-off
conditions. The X-Z wind-off value at a given alpha

(based on the polynomial curve fit) can then be

interpolated and subtracted from the flow data to yield
differences from wind-off to wind-on.

DATA ACQUISITION & REDUCTION

Data acquisition was automatically initiated by a TTL
trigger from the facility data acquisition system (DAS).

Upon trigger, the centroids of the next 75 images

7
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shroud, (b) fore-TEF, and (c) aft-TEF for three

dynamic pressures, Q (psf).

DATA ACQUISITION & REDUCTION

Data acquisition was automatically initiated by a TFL
trigger from the facility data acquisition system (DAS).

Upon trigger, the centroids of the next 75 images
(representing 5 seconds of image acquisition) were

recorded to a data file with a sequential vmd point
number that was independent of the DAS point number.

After the centroid file is stored, a file prepared by DAS
containing point number, run number, Mach, alpha, and
several other tunnel parameters is retrieved from a

shared drive to create a log file with DAS data
correlated with vmd point numbers lbr later reductions.

At the conclusion of a set of runs, data reduction is

initiated by selecting inclusive vmd point numbers for
the runs that need to be reduced, with the wind-off
run(s) and wind-on runs discriminated. MATLAB

scripts are then used for further reductions. The data

reduction operations include the following. Centroid
coordinates in pixel units are converted to mm units

based on horizontal and vertical pixel spacings. The
distortion correction parameters lound in step I of the
calibration procedure are then applied for use in the

single-camera, single-view photogrammetric
determinations of X and Z target coordinates based

upon known Y coordinates from setup files. Angle

computations in an X, Z-coordinate Plane are then made
for targets identified as constituting a given row.
Polynomial coefficients are determined based upon the
wind-off polar(s) for application to the wind-on data to
determine the difference between wind-off and wind-on

for angles and X and Z-coordinates. For the aeroelastic

twist computation at r/= 0.75 the angle of the inboard

row of targets near the root of the main wing element
was used as reference and subtracted.

In full-span testing, sting bending causes a
displacement of the model during llow. Thus at a given

alpha, the model position with and without flow may
differ, thus requiring the use of a target row on the body

as reference to remove any apparent twist of the body.
For semispan testing it was assumed originally that a
direct subtraction of interpolated X and Z values from

the wind-off reference polar would be the best
procedure. However. it was found that in some cases
displacements (real or apparent) between wind-off and

wind-on data were actually larger than the relatively

small deformation due to aerodynamic loading. Vcctor
displacements from wind-off to wind-on lbr one of the

high-Q runs are presented in figure 6 for targets I
through 5, with the target numbers indicated above each
arc (caused by the alpha sweep during the polar from -

5° to 24°). Note the similarity of the displacement
vectors for the 5 targets indicating rigid body motion.
Targets ! and 2 were located on the very rigid inboard

portion of the main wing element where it is reasonable

8
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toassumenodeformationbetweenwind-offandwind-
on. Howeversignificantdisplacementswererecorded
(eitherrealrigid-bodydisplacementsor anartifactof
themeasurementprocess)thatmustbe removedto
properlydeterminethedeformationof theshroudand
TEF.

Severalmethodswereinvestigatedto eliminateor
reducetheapparentdisplacementoftheinboardtargets
fromwind-offtowind-on.Thesemethodsincludedthe
subtractionof interpolated(frompolynomialfits)X and

Z values of just target 2. (Interpolation of wind-off data
is necessary since the wind-on data may not be at the

precise settings used for the wind-off polar). A second
method involved the use of a conformal transformation

via nonlinear least squares using targets I and 2 from

the wind-off polar (again from polynomial fits) as

reference to yield a pitch correction angle and
translations in X and Z. However, the angle computed

using the conformal transformation was found to have
errors in alpha that were 2 to 5 times larger than the

estimated uncertainty of the precision servo
accelerometer used to measure alpha. Thus a

compromise was made and the 'means of the

interpolated displacements in X and Z of targets 1 and 2
from the corresponding wind-off polar were subtracted
from the wind-on polar to arrive at thc final

displacement.

Displacement vectors tbr the run of figure 6 reduced in

this manner are plotted in figure 7 at the same scale as
figure 6 tbr comparison. For figure 7. most of the

apparent rigid body bias is removed, leaving the wind-
off to wind-on delormation. The displacement vectors

lbr targets 1 and 2 on the inboard portion of the main
element of the wing serve as a measure of the noise of

the measurement process.

The displacement magnitude AX was computed as

,_X, =(X-X,),, (X-X,),+(X-X,,):
2

(1)

where n = 3,4 or 5 represents the target number on the
shroud, fore TEF, and aft TEF respectively, o

represents interpolated wind-off X-values from the

polynomial fit as a function of model alpha, and X
without a subscript represents X-data from the wind-on

polar. A similar expression applied for AZ.

- (2)

The displacement magnitude in X and Z, denoted by L,,,
was then found from

L,,= 4(Ax ,,): + (3)

The angle of the displacement vector, _,, was also

computed as

(4)

The order of the signs of the AX and the AZ terms was
used to determine the four quadrant inverse tangent

with a range of + 180 ° (atan2[AZ, AX1 function in
MATLAB). With this sign convention positive angles
are tound for displacements in the positive Z-direction

and negative angles are found for displacements in the

negative Z-direction.

The change in gap, Agap, due to aerodynamic loading
is approximated by

(AZ_ - AZ 4)
Agap - (5)

COS t3_

where a is the angle-of-attack of the semispan model.
The approximation to the change in gap can also bc
described in terms of the displacement magnitude and

vector angle as

Agat, = (L_ sin _3 - La sin ¢_ ) (6)
COS Q'

Likewise the change in overhang, AOH, due to

aerodynamic loading is approximated by

AOH - (AX 4 - AX , )
COS ¢Y

(7)

The corresponding relation in terms of the magnitude
and angle of the displacement vector for the change in

overhang is given by

Ao. : cos - L,cos )
COS O"

(8)

REPRESENTATIVE DATA
Model dctormation measurements were not made

throughout the test, but rather tbr selected data sets. All
data were taken at Mach 0.2 in air mode at three

dynamic pressures of 63.5, 170.9, and 347.5 psf,

corresponding to total pressures of 16.2, 43.5, and 88.2

psf. The total temperature was 95 ° F tor all runs. The

angle-of-attack range was from -5 ° to 24 ° . Wind-off

9
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reference polars were generally made at pressures of

16.2 and 88.2 psf at the beginning and end of a run
series with the 16.2 psf pressure polar used to reduce

the 43.5 psf runs. The 43,5 psi runs are thus subject to
more error compared to the other pressures.
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Displacement vectors for a Iow-Q (63.5 psi') and a high-

Q (347.5 psi') runs are presented in figures 8 and 9
respectively. (The run presented in figure 9 is the same

run used to illustrate the data reduction procedures in
figures 6 and 7, but with an increased scale lhctor for

the displacement of 3.3.) For both figures the
displacement vectors of targets 1 and 2 serve as a

measure of the noise level for the measurement process.
For the Iow-Q run of figure 8 the defbrmation (except

for target 5 on the aft-TEF) is generally within the noise

level of targets 1 and 2. The increased displacements
lbr the high-Q run are obvious, as well as an increase in

the noise level. The aft-TEF is seen to generally deflect
in a direction influenced by the direction of the

aerodynamic loading, with a net reduction in the flap
angle. The shroud experiences similar behavior, but
with less magnitude and more relative data scatter. The

tbre-TEF target number 4 actually appears to deflect
toward the shroud, which would be consistent with a

rotation of the TEF in an upwards sense (+ Z-direction)

with the hinge line located below target 4.

The change in twist, 02, (in degrees) due to

aerodynamic loading at a normalized semispan of ,7 =
0.75 is plotted versus alpha in figure t0 for each of

three dynamic pressures. The low- and high-Q runs are
the same runs as plotted in figures 8 and 9. Little direct

dependence on Q is noted and a relatively small amount
of twist is indicated. Hence, it is assumed that the

values shown in figure 10 are more indicative of the
noise level for the twist measurement and serve as an

indicator of the maximum twist experienced at the q =
0.75 semispan station.
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...... C' Q=347.5 • ,
; _ - i
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-0.2 ...... J
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15

Fig. 14 Aerodynamically induced twist, Oz, for three

dynamic pressures, Q (psf), versus configuration
number.

The magnitudes of the displacements, L,,, are plotted

versus alpha in figure 11 lor low, medium, and high-Q
runs. The shroud displacement, L3, with the least

magnitude of the data plotted, has a definite
dependence on the dynamic pressure. At the lowest Q
(63.5 psf) the magnitude of the displacement of the

shroud, figure 11 (a), is generally less than 0.003 inch
and probably represents the noise level of the

measurement system fbr such measurements. At the
highest Q (347.5 psi), the magnitude of the

displacement is generally less than 0.01 inch except at
high alpha. A similar behavior is noted tor the tbre-
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TEFtarget,figure11(b),exceptthatthehigh-Qdata
tendstodecreasewithalpha.Theaft-TEFdata,figure
I1 (c),exceedsconsiderablytheshroudandfore-TEF
dataandshowslittle dependenceon alpha. The
magnitudeof the displacementof the aft-TEF
approaches0.03inchforthehigh-Qrun. Thechanges
ingapandoverhangareplottedversusalphainfigures
12and13forthesamelowandhighQrunsof figure
11.

Data for 15 configurations,duringwhich model
deformationmeasurementsweremade,aresummarized
in figures14and15. Meanvaluesforall alphasare
plottedversusconfigurationnumber,toyieldasenseof
thedeformationfora largeblockof thedataset.Data
arepresentedforlow,medium,andhigh-Qruns.The
changein twistdata,_, plottedin figure14indicatesa
noiselevelforaerodynamicallyinducedtwistof about
0.05°, showinglittledependenceonconfiguration.The
displacementmagnitudeplotsot"figure15showaclear
dependenceon Q, but little dependenceon
configuration.

UNCERTAINTY

The VMD measurement system resolution depends on

the fraction of the image field that the targets occupy.
For cases in which the row of targets span nearly the

entire image plane, resolution better than 0.01 ° is

possible in the laboratory. Wind tunnel AoA tests using

body targets indicate that 0.01 ° resolution can be
achieved during wind-off tests and may be possible for

wind-on tests, provided that the target row(s) occupy
nearly the entirc image plane and if model translations

while changing pitch are not excessive. However, the
fraction of the image plane occupied by targets for the
test described here is closer to 30% in order to image all

segments simultaneously, reducing the resolution
considerably from what is possible in a controlled

laboratory situation. The targets are also displaced
from the center of rotation, especially the aft TEF

target, producing relatively large translations in the
image plane when pitching the model. The largc
translations and being located near the edge of the

image plane make the measured target locations more

susceptible to residual image plane distortion. For
similar reasons the displacement measurement

precision for this test is of the order of 0.003 inch
compared to thc 0.0001 inch precision that can be
achieved during controlled laboratory experiments.

A change from the standard procedures used for full-

span models is that the tunnel alpha was used to
determine the correction data from the wind-off curve

fit rather than the reference inboard pitch angle
determined from VMD measurements. For full-span

models, where the change in twist is the primary
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measurementandmodeldynamicscancorruptthe
onboardaccelerometerreadings,it hasbeendetermined
asbestpracticeto usetheVMD measuredreference
angle(usuallyfromtargetsonthefuselage)insteadof
tunnelalpha. However,for semispantestingthe
accelerometeris generallysubjectto lessdynamics,
reducingthatpotentialerrorsource.In addition,for
situationsin whichspatialaswellasangulardatais
required,it is advantageousto usethetunnelalphaas
referencewhenthetargetsaredisplacedfromthecenter
of rotationof themodel.In suchcasessmallerrorsin
thereferenceanglemayleadtoerrorsindisplacement
thatarecomparableto thoseduetodeformation.For
instance,foratargetthatisdisplacedfromthecenter-
of-rotationby 30 inches,anerrorof 0.01° causes as

error of approximately 30 inches × 0.17 milliradians, or
0.(X)5 inch in the displacement.

CONCLUDING REMARKS

During this first use of the videogrammetric

deformation measurement technique for semispan
testing at the NTF, apparent rigid bCxty motion between

the wind-off and wind-on polars was larger than
expected. Of the several methods investigated to

alleviate this problem, a simple method of removing the
mean displacement of the inboard main wing element
targets was adopted. As an overall summary, the
deformation data were fbund to be somewhat

independent of configuration with little alpha
dependence except lbr the aft-TEF. The

aerodynamically induced twist was found to bc less
than 0.1 ° overall, which is considered to be the noise

lloor of the optical measurements Ior the setup tbr this
test. The noise floor for displacement measurements
was found to be about 0.003 inch.
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